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sensor is an aptamer (a short length of single-stranded DNA) that binds to platelet-derived growth factor (PDGF) and contains a pair of fluorescent dyes. When bound to PDGF, the aptamer changes conformation and the dyes come closer to each other, producing a signal. The sensor, which is covalently attached to the membranes of mesenchymal stem cells, can quantitatively detect with high spatial and temporal resolution PDGF that is added in cell culture medium or secreted by neighbouring cells. The engineered stem cells retain their ability to find their way to the bone marrow and can be monitored in vivo at the single-cell level using intravital microscopy.
Monitoring cell functions and cell-to-cell communication in the cellular environment has enormous implications for cell biology and regenerative medicine 1 . In the area of cell therapy there is also significant interest in better understanding and tracking the fate of transplanted cells 2, 3 . Unfortunately, probing what cells 'see' and how they respond in real time to surrounding signals (i.e. cytokines) is still a major challenge 1 . Conventional assays, including flow cytometry, enzyme-linked immunosorbent assay (ELISA), immunostaining and polymerase chain reaction are valuable, but typically require stepwise staining, washing or manipulation before analysis. Alternative approaches include staining cells with metabolically and chemically engineered probes or nanoparticles [4] [5] [6] . However, most of these assays measure markers under 'static' conditions and fail to monitor what cells sense in real time, in a dynamic manner.
Fluorescence resonance energy transfer (FRET) sensors, particularly those using genetically engineered proteins, have offered a way to study protein expression, migration, conformational change and protein-protein interactions, as well as to probe metal ions and enzyme activities inside cells or on cell surfaces [6] [7] [8] [9] [10] . In addition, B cells have been engineered as sensors for the identification of pathogens; for example, a calcium-sensitive bioluminescent protein engineered onto cells emits light in the presence of pathogens 11 . Others have reported a luciferase-engineered cell approach that detects the local concentration of ATP at the cell surface 12 . However, these approaches require complex genetic engineering methods and cannot probe multiple markers simultaneously. Recently, the cell membrane has been engineered using chromatic polymer patches that produce light in the presence of cell-membrane-disrupting molecules 13 . Although useful for predicting the cytotoxicity of molecules that perturb the cell membrane, this approach lacks potential for the general study of cell signalling.
In this Article, we present a simple, generic approach to using real-time probes at the cell surface for examining intercellular signalling within the cellular environment using nucleic acid aptamer sensors (Scheme 1). Specifically, we covalently attached fluorescent aptamer sensors to the surface of cells to produce a real-time signal when target molecule(s) contact the cell surface. Aptamers are single-stranded oligonucleotides that can be generated for a target molecule by an in vitro selection process (systematic evolution of ligands by exponential enrichment; SELEX) with high affinity [14] [15] [16] [17] [18] [19] . Aptamers can be readily engineered for therapeutics or as probes for targeting, imaging or biosensing by introducing functional moieties including modified nucleotides, biotin or dyes during the chemical synthesis [16] [17] [18] [19] [20] [21] [22] .
We have focused on attaching an aptamer that recognizes the platelet-derived growth factor (PDGF) onto the membrane of mesenchymal stem cells (MSCs). The use of MSCs is attractive because they can differentiate into different types of cells, including osteoblasts, adipocytes and chondroblasts, and they can promote angiogenesis and have immunomodulatory effects 2 . MSCs are currently being tested in over 100 clinical trials to regenerate damaged tissue and treat inflammation 2, 23 . Although the clinical trials have met safety endpoints, some have recently failed to show efficacy 23 and this is attributed in part to an incomplete understanding of MSC biology, particularly how MSCs signal in their niche environment and communicate with other cells (i.e. endothelial cells, immune cells and cancer cells) 2, 23 . We address this issue by constructing sensors for detecting PDGF, a potent chemoattractant that recruits MSCs to inflamed tissue and tumours, and an important signalling molecule in the participation of MSCs in vascular regeneration and communication with activated endothelial cells or tumour cells [24] [25] [26] . Importantly, PDGF aptamers and simple aptamer-based PDGF sensors have been described [27] [28] [29] .
We envision that cell surface sensors can be delivered into a particular in vivo niche by means of delivery of an exogenous cell source. In particular, MSCs have been shown to home to sites of inflammation, bone marrow and to tumours 2 . Imaging of transplanted cells can then be achieved by intravital confocal microscopy (IVM), which has been used previously in the study of stem cell and leukocyte trafficking, cell functions and cell-cell interactions in vivo 1, [30] [31] [32] . Through the combination of cell-surface sensors, cell homing and IVM, we hope the cell sensors can be used to study intercellular signalling and cellular microenvironments in real time, at single-cell resolution, in living animals.
Engineering aptamer sensors on the cell surface
A PDGF sensor based on a previously isolated aptamer sequence has already been engineered [27] [28] [29] . This PDGF sensor harnesses aptamer conformational changes that occur when binding to PDGF, which brings two attached dyes within close proximity; the crosstalk between the two dyes yields a fluorescence signal (Fig. 1a) . This sensor is highly selective and detects PDGF in the picomolar range by producing an instantaneous signal 27, 28 . However, these sensors were designed to operate in the solution phase and contain dyes at each end of the aptamer (Fig. 1a,b) 27, 28 . To enable binding to the cell surface, we first engineered the aptamer sensor to have a surface anchoring moiety. As shown in Fig. 1c,d , the original single-stranded PDGF aptamer is extended at one end by a short oligonucleotide that can hybridize with its complementary strand (details of DNA sequences are provided in Supplementary Table S1 ). Two dyes, at desirable positions, and anchor moieties (i.e. biotin) can be accommodated easily on these two separated strands during DNA synthesis, and can then be annealed together before anchoring onto cells.
The original PDGF sensor developed by Tan's group undergoes non-specific folding that occurs in the presence of divalent metal ions (i.e. Mg 2+ and Ca 2+ ) and thus produces a high background, making it unsuitable for physiological conditions (Fig. 1b) 27, 28 . To overcome this issue, we mutated the aptamer sequence by changing a C-G base pair in the stem to an A--G non-base pair. Such a mutation and the above-mentioned two-stranded sensor design did not significantly impair the aptamer binding ability. We engineered two types of sensors: a quench sensor (FAM/Dabcyl) (Fig. 1c) and a FRET sensor (Cy3/Cy5) (Fig. 1d) . The sensors showed robust performance in the presence of divalent metal ions (phosphate buffered saline, PBS +/+) ( Supplementary Fig. S1 ). Note also that a temperature change (in the range from room temperature to 37 °C) does not have a significant impact on the binding affinity of the aptamer to PDGF; rather, an elevated temperature (i.e. 37 °C) disrupts the duplex stem and drives the equilibrium to the unfolded state in the absence of PDGF, which therefore produces a higher (beneficial) signal-to-noise ratio ( Fig. 1b and data not shown).
The simple chemistry approach of attaching sensors on the cell membrane bypasses the complex genetic, enzymatic or metabolic engineering approaches used previously for modifying the cell surface. Specifically, our cell modification procedure consists of three steps involving treating cell surface amines with sulphonated biotinyl-N-hydroxysuccinimide (NHS-biotin), followed by streptavidin-biotin interactions ( Fig. 2) 33, 34 . Previously, using dye-conjugated molecules and flow cytometry, we showed that the cell surface coverage (of biotin, streptavidin or target ligand) at each step can be controlled by adjusting the reagent concentration and reaction times during conjugation 35 The quench sensor (Fig. 1c) functioned well on the cell surface, and the addition of PDGF resulted in a decrease in fluorescence (Fig. 3) . Sensors on the cell surface respond to PDGF within seconds; the sensor signal quantitatively correlates with the concentration of PDGF added into the cell solution ( Fig. 3b) and is specific to PDGF ( Supplementary Fig. S2 ). Because the quench sensor does not have an internal reference and the signal may be influenced by external factors (including sensor site density and medium conditions), the FRET sensor (Fig. 1d) was also used to quantitatively detect PDGF. The non-specific background signal is minimized in this case because the signal produced is based on the ratio of decreased Cy3 fluorescence and increased Cy5 fluorescence ( Supplementary Fig.  S3 ). Moreover, the detection range of sensors on the cell surface spans from several hundred pM to low nM levels, which is within the range of serum PDGF concentrations (400-700 pM under physiological conditions, or higher under pathological conditions such as tumours) 36, 37 . Data from both the quench sensor and the FRET sensor in different culture media (PBS-/-, PBS +/+ and MSC medium with 15% fetal bovine serum (FBS)) are presented in Supplementary Fig. S4 .
Spatial-temporal sensing using sensor-engineered cells
To determine whether sensors on cells produce a fluorescence signal in real time that can be resolved with high spatial resolution at the single-cell level, PDGF was added in close proximity to the cells though a micromanipulator-mounted microneedle coupled to a microinjector ( Supplementary Fig. S5 ). Fluorescence imaging showed spatial variation of the signal intensity over the cell surface, which evolved over time as more PDGF was transported by the impinging flow to the cell surface (Fig. 4a) . We also simulated the evolution of PDGF concentration in the vicinity of a cell using a three-dimensional unsteady convection-diffusion mass transport model (described in the Supplementary Information and Fig. S6 ). The evolution of PDGF concentrations on the surface of the cell was consistent with the observed fluorescence quenching behaviour; the model predicted a transition of the PDGF concentration in the vicinity of the cell from 0 nM at t ¼ 0 to 40 nM at t = 6 s (Fig.  4b) . Given that this aptamer sensor, when attached on the cell surface, detects PDGF in the range of ~1-10 nM (Fig. 3b) , the timescale of a cell response is consistent with the timescale required for the PDGF concentration to change.
The development of sensors that can be used to examine cell-to-cell communication in real time at a single-cell level is invaluable for elucidating mechanisms of intercellular communication. Based on a microwell assay developed by Love and co-workers 38 , we show that our sensor MSCs can detect PDGF secreted by neighbouring cells. On a polymeric substrate containing an array of microwells, we added sensor-modified MSCs and PDGFproducing MDA-MB-231 cells 39 (PDGF production was confirmed and quantified by ELISA; see Supplementary Methods). Cells settle by gravity into the microwells, which contain subnanolitre volumes (0.1 nl) with different combinations of cell ratios (sensor MSC:PDGF-producing MDA-MB-231 cells 1:0, 1:1, 1:2, 1:3+; Fig. 5 ). The fluorescence signal of the sensor MSCs was imaged continuously over time (6 h) as PDGF was produced by the MDA-MB-231 cell. As shown in Fig. 5 , sensors on the MSC surface indeed produced a fluorescence signal that correlated directly with the number of MDA-MB-231 cells in the same microwell with the sensor MSC. In contrast, no significant signal difference was observed in the sensor signal when sensor MSCs were incubated alone or with native MDA-MB-231 cells (not engineered to secrete PDGF; Supplementary Fig. S7 ).
In vivo monitoring of sensor-engineered cells
As a first step towards using cell surface sensors to monitor the cellular environment, cell function and intercellular signalling in vivo, we tested the feasibility of using IVM to monitor the engineered cells after transplantation. To examine if aptamer conjugation affects the natural homing ability of MSC to bone marrow, both native and aptamer-MSC were injected simultaneously into Balb/c mice, and bone marrow imaging was performed 24 h post-injection 40 . Using a fluorescence confocal and multiphoton intravital imaging system that tracks single cells in living animals, we observed ~30 cells per image stack for both sensor-engineered MSCs and native MSCs (Fig. 6a,b,c) . The transendothelial migration of aptamer-MSC and unmodified MSC was not statistically different, P = 0.116 (Fig. 6d) .
Given that the FRET system is desirable for in vivo studies as it provides a ratio of two distinct fluorescent dyes, thereby minimizing the non-specific background signal, we designed a simple oligonucleotide (FRET-probe, Supplementary Table S1) to address whether we could sense a change in FRET signal in a live mouse. The FRET probe carries Cy3 and Cy5 in close proximity, which initially projects a Cy5 signal when exciting Cy3. To examine if the FRET probe was viable in bone marrow in vivo (a key requirement for our sensor to work), we performed acceptor photo-bleaching of the Cy5 moiety in situ using a 635 nm laser, and a switch from Cy5 (red) to Cy3 (green) signal resulted ( Supplementary  Fig. S8 ). This experiment clearly suggests that it is feasible to use IVM to track transplanted sensor-engineered cells and monitor their signalling with the target molecules in their in vivo niche environment.
Conclusions
We have developed a simple cell-surface sensor platform that permits signalling to be monitored within the cellular environment, in real time, in vitro and potentially in vivo. Aptamer sensors can be readily modified with sensing molecules and surface anchors, and the binding affinity, folding and secondary structures can be engineered by mutating the aptamer sequences (Fig. 1) 41 . Furthermore, aptamer sensors for a large variety of target molecules can be obtained using (automated) SELEX [14] [15] [16] [17] [18] [19] [20] 42, 43 . We have shown that MSCs engineered with an aptamer can be detected in mouse bone marrow by IVM 24 h posttransplantation, and the communication between FRET dyes is retained, suggesting that nucleic-acid-sensor conjugated fluorophores are functional on the cell surface for at least one day under physiological conditions. If required, nucleic acid stability towards nuclease degradation in vivo can be improved without impairing the binding affinity and signalling performance by incorporating protecting groups such as poly(ethylene glycol) (PEG), phosphorothioates and locked nucleic acids 41 .
We are currently engineering a reversible 'structure switching' 44, 45 PDGF aptamer that has a covalent linker and complementary DNA (cDNA) that will compete with PDGF binding. Through this approach, when the PDGF concentration decreases, the bound PDGF, which is in competition with the cDNA, will dissociate quickly, allowing the rise and fall of signals to be monitored in real time.
Our cell surface sensors can be resolved spatiotemporally at the single-cell level (Fig. 4) and this is significant because cells respond to cues in their microenvionment in both time and space 46 . Furthermore, the sensor could respond quantitatively to PDGF added to the culture medium or secreted by adjacent cells. This is useful for reporting on the state of cell signalling under physiological or pathological conditions such as inflammation. The 49 mer PDGF sensor sequence used in this study is ~16 nm when fully stretched in a duplex format 47 , and is expected to adopt a three-dimensional, tertiary structure upon binding to PDGF, leading to a dynamic radius less than ~8 nm. At this scale, the aptamer sensors sense signalling molecules at or near the cell surface. Note also that the local cytokine concentration in the vicinity of the cell surface is often distinct from the bulk medium because of delayed diffusion due to unstirred layer effects or degradation by cell-surface enzymes 48 . Our approach may therefore provide significant advantages over traditional in vitro techniques (such as ELISA) that can only assess bulk concentration of cytokines, and may serve as a new tool to quantitatively measure signalling molecules or potentially drugs at the cell surface with high spatiotemporal resolution under physiological conditions. Our long-term goal is to use the natural homing ability of specific cell types to deliver sensors to particular niches (such as bone marrow, lymph nodes, inflamed tissue or tumours) to monitor inter-cellular communication in real time in vivo. Cell homing is a specific and highly regulated, multistep process that includes cell rolling, adhesion and transendothelial migration and is mediated by specific receptor-ligand interactions 2 . Direct placement of sensors into such environments would otherwise not be feasible without an invasive approach that may affect cell signalling. An important component of our approach is the use of IVM to monitor single cells in real time in living animals, and at a temporal and spatial resolution that is not presently possible with other techniques 1, [30] [31] [32] .
Previously, we and others have applied IVM to study the trafficking of leukocytes, haematopoietic stem cells and MSCs 31, 32 (D. Sarkar et al., unpublished observations). In such studies, cells are typically labelled with lipophilic dyes or fluorescent proteins that can 'passively' indicate the location of a cell, but cannot report the phenotype or the properties that define the cellular microenvironment. In contrast, the cell-surface sensor approach makes use of functional aptamer sensors that dynamically monitor intercellular signalling in real time. Our ongoing work focuses on further engineering our FRET sensor to have a high signal-to-noise ratio under physiological conditions to monitor PDGF levels produced in the MSC niche by activated endothelial cells, tumour cells or in response to injury. In our experience, a signal-to-noise ratio of >4 is required for in vivo imaging. This work will ultimately lead to a better understanding of MSC biology, particularly in PDGF-signalling, including tissue regeneration, angiogenesis, immunomodulatory and tumour modelling [24] [25] [26] .
Finally, chemistry-based cell engineering approaches have recently been developed to study cell-immobilized signalling moieties both in vitro and in vivo in living animals 4, 5, 49 . For example, Bertozzi et al. reported the labelling of fluorophores on glycans using click chemistry in zebrafish, which permitted them to visualize glycan expression in vivo 4 . It is conceivable that in addition to labelling exogenous transplanted cells, the site-specific labelling of endogenous cells with 'sensing molecules' may become a valuable tool with which to monitor physiological and pathological changes in vivo. We anticipate that our study will serve as a gateway for the future development of a large toolkit of cell-surface sensors that biologists could routinely apply to elucidate cell biology both in vitro and in vivo.
Methods

Engineering aptamer sensors onto the MSC surface
MSCs (~1 M after trypsinization) (see Supplementary Information for routine MSC culture) were dispersed in biotin-NHS solution (1 mM in PBS-/-, 1 ml), and the solution was allowed to incubate for 10 min at room temperature. After washing, streptavidin solution (50 μg ml -1 in PBS-/-, 1 ml) was then used to treat the cells for 5 min. Finally, biotin-modified sensor solution (two DNA strands were first annealed at 5 μM each in PBS +/+ at 90 °C for 3 min and cooled at room temperature for 30 min, 200 μl) was added, and the suspension was incubated for 5 min at room temperature. The cells were then washed once by PBS-/-and subsequently used for experimentation. The fluorescent nature of the sensors allowed the conjugation step to be easily followed by flow cytometry (BD FACS Calibur flow cytometer) then analysed using Cell Quest software.
Microneedle experiment
Microneedle experiments were performed using a microinjector (FemtoJet, Eppendorf) with Eppendorf Femtotips and an Eppendorf micromanipulator (InjectMan NI 2, Eppendorf) ( Supplementary Fig. S5 ). Glass microneedles with inner tip diameters of ~3 μm were made using a micropipette puller (P-97 Sutter Instrument Company). Microneedles were backfilled with the PDGF (2 μM in PBS-/-) using Eppendorf Femtotips Capillary Pipet Tips Microloaders. The microneedle, controlled by a micromanipulator, was lowered onto a dish with sensor-engineered MSCs settled on the surface in PBS-/-, positioned at a defined lateral distance (~40 μm) from the settled cells and at a height of ~30 μm from the underlying substrate. PDGF was released from the micropipette by applying a defined pressure (26 hPa). Simultaneously, phase contrast and fluorescence images of the cells were collected sequentially with a 1 s interval exposure time. Between 10 and 12 cells were measured in each experiment.
Computational model for PDGF transport in microneedle experiment
See Supplementary Information.
Cell-cell communication microwell assay and analysis
Time-course microwell assays were performed following previously reported protocols with some modifications 38 . The fabrication of the microwell is presented in the Supplementary Information. A sensor MSC suspension (1 × 10 5 cells/ml) was first placed on the surface of the array and cells were permitted to settle into the microwells by gravity. After 2 min, excess cells were washed away with serum-free media. Next, PDGF-producing MDA-MB-231 cells (1 × 10 5 cells/ml) in medium containing 15% FBS were loaded into the wells as described above. After a brief incubation at 37 °C with 5% CO 2 , the array was delivered to the microscope for imaging. All images were acquired on an automated inverted fluorescence microscope (Zeiss Observer Z-1, Carl Zeiss Inc.) equipped with a stage incubator (PM S1) and incubation chamber for live-cell imaging (37 °C, 5% CO 2 ). Phase and fluorescence (GFP and Cy5) micrographs were collected every 3 min for 6 h. A total of 3000 microwells were imaged at each time point. A custom-written image analysis program was used to identify the location and fluorescence intensity of each cell in the microwell array, as described previously 38 . A MATLAB script was written to track the fluorescence signal intensity of each sensor MSC over the 6 h time course. The signal intensity of each sensor MSC was normalized to the signal intensity at t = 0 min to account for the baseline cell-to-cell variation in sensor MSC intensity. Sensor MSCs were divided into groups based on the number of PDGF-producing MDA-MB-231 cells residing in the same microwell (0, 1, 2 or 3+). More than 100 MSCs (see Fig. 5 for exact numbers) from each group were tracked. The fraction of sensor MSCs in each group with signal intensity less than 50% of the initial signal intensity was calculated at each time point.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
Scheme 1.
Probing the cellular niche environment and signalling using cells engineered with an aptamer sensor. Aptamer sensors that bind to signalling molecules (PDGF in this case) are covalently attached to the surface of cells (mesenchymal stem cells in this case). Signalling molecules secreted by niche cells are detected by the sensor cells, and the fluorescent signal generated is measured. a, Representative sensor performance data, examined using flow cytometry, for the quench sensor immobilized on the MSC surface before and immediately after addition of 10 nM PDGF (GM, geometric mean). b, Sensor signal (defined as the ratio of GM before and after addition of PDGF) versus concentration of PDGF in PBS-/-. c,d, Representative fluorescent microscopy images of sensor cell before and immediately after addition of 10 nM PDGF in PBS-/-, respectively. e, PDGF (2 μM) was added to sensor-modified MSCs from the top/ left corner (arrow shows direction) using a pipette tip, and the image was recorded immediately. f, The PDGF gradient was separated into five regions using image analysis, and the fluorescent intensities of 10 representative cells from each region were averaged and plotted. The sensor signal in region 1 is defined as 1; other regions are normalized accordingly. 
